In the last decades, mesoporous silica nanoparticles (MSNs) are improved for drug delivery, imaging, and biomedical applications due to their special properties such as large surface area, high drug loading capacity, tunable pore size, and modification of surface area by functional groups. Objectives: The aim of this study was to evaluate MSNs as carriers for oral colon-specific and human plasma blood delivery of vitamin C. Materials and Methods: In this work, mesoporous silica nanoparticles were synthesized and characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and N2-adsorption. Then MSNs were loaded by L-ascorbic acid (AscH 2), and the release of L-ascorbic acid from AscH 2-MSNs into the simulated fluids in different pHs was investigated, including simulated gastric fluid (SGF, pH, 1.2), simulated intestinal fluid (SIF, pH, 6.8), and simulated body fluid (SBF, pH, 7.4). The amount of loaded AscH 2 into the MSNs was determined by thermal gravimetric analysis (TGA). Results: Synthesized MSNs were spheres and the average diameter of them was 100 ± 9 nm. Results showed that about 567.8 nanomole of vitamin C . It was found that the burst release of AscH 2 into SGF was slower than SIF and SBF. Conclusions: The rate of AscH 2 release from the nanoparticles into alkaline solutions was faster than acidic solutions because of electrostatic interactions between vitamin C and MSNs surface. The loading amount of Vitamin C was dependent on the surface of chemical moiety of MSNs and the steric effects of vitamin C structure.
Background
L-ascorbic acid is a water -soluble vitamin and it is clear that human body cannot store it. Vitamin C is needed for healing wounds and repairing and maintaining bones and teeth. In addition, vitamin C helps the body make collagen, an important protein used to make skin, cartilage, tendons, ligaments, and blood vessels. It is present in fruits like orange, lemons, grapefruit, watermelon, papaya, strawberries, cantaloupe, mango, pineapple, raspberries, cherries, and it is also found in green leafy vegetables, tomatoes, broccoli, green and red peppers, cauliflower, and cabbage (1) . It is noted that recommended dietary allowances (RDA) for adults (> 19 y) are 90 mg.day -1 for men and 75 mg.day -1 for women (2) . L-ascorbic acid (C 6 H 8 O 6 ) is the trivial name of vitamin C. The chemical name is 2-oxo-L-threo-hexono-1, 4-lactone-2, 3-enediol. L-ascorbic and dehydroascorbic acid are the major dietary forms of vitamin C (Figure 1 ), which is known as the biological function for vitamin C (ascorbic acid, AscH 2 ; ascorbate, AscH) ( 3 ). Ascorbic acid enhances the availability and absorption of iron from non-heme iron sources (4) . Ascorbate serves as a reducing cofactor for many enzymes and has pro-oxidant effects (5) . Ascorbate can readily oxidize to produce H 2 O 2 . Therefore, pharmacological ascorbate has been proposed as a pro-drug for the delivery of H 2 O 2 to tumors (6, 7) . It is an antioxidant molecule that quenches reactive oxygen species (ROS), inhibiting ROS-mediated nitric oxide (NO) inactivation (8, 9) . It was reported that ocular tissue accumulates higher concentration of ascorbic acid than other tissues, because ocular ascorbic acid, being an antioxidant, defends the cornea and lens against photooxidative damage (10) . MSNs have been developed for its potential biological applications in the last decade (11, 12) . MSNs were designed for imaging (13) or MRI (14) and drug delivery, such as Paclitaxel (15) , Methotrexate (16), Telmisartan (17) , Cysteine (18) , and Chlorambucil (19) . It was reported that mesoporous silica was used as a carrier for vitamins. Mesoporous silica containing gate-like scaffoldings were used for the controlled delivery of vitamin B2 (20) and as a carrier for VB1 release in oral applications (21) . Vitamin C dissolves well in water to give mildly acidic solution, as a result it cannot be stored in the body.
Objectives
In this research, the potential of MSNs as nanocarriers for delivery of vitamin C was evaluated. These nanoparticles were synthesized, characterized, and evaluated as carriers for oral colon-specific or human plasma blood delivery of vitamin C (ascorbic acid). MSNs were loaded with ascorbic acid and the release of ascorbic acid from these nanocarriers into SGF, SIF, and SBF was studied.
Materials and Methods

Materials
N-cetyltrimethylammonium bromide (CTAB), tetraethylorthosilicate (TEOS), sodium hydroxide (NaOH), and hydrochloric acid (HCl, 37 %) were obtained from Merck Company (Germany). L-ascorbic acid was prepared from Sigma-Aldrich Company (USA). Imidazole buffer at pH 7.4 was prepared by 0.2 M stock standard solution of imidazole. In addition; SGF was prepared by 0.1 M HCl at pH 1.2 . All solutions were prepared with deionized water. Simulated body fluid was prepared as described by Xu et al. (22) as the following: NaCl (7.996 g), NaHCO 3 
Preparation of Samples
Synthesis of Mesoporous Silica Nanoparticles (MSNs)
MSNs were synthesized as follows: 1 g of CTAB was dissolved in 480 mL of nano pure water. Then 3.5 mL of 2.0 M NaOH (aq) was added to the CTAB solution at 80 ºC. At 80 ºC, 5 mL of TEOS was added drop wise at a rate of 1 mL.min -1 to the CTAB solution. The CTAB mixture was stirred vigorously at 80 ºC for 2 hours. White precipitate was produced and isolated by filtration (0.45µm polypropylene filter), then washed with abundant water and methanol, and then dried under vacuum oven. The surfactant was removed via calcination at 540 ºC for 4 hours at a heating rate of 1 ºC.min -1 .
Ascorbic Acid Loading
There was 300 mg of calcined MSNs added into 10 mL nanopure water containing 30 mg.mL -1 ascorbic acid in darkness, while stirring at 200 rpm and room temperature (25 ºC) for 24 hours. Then, MSNs loaded with ascorbic acid (AscH 2-MSNs) were removed from water solution by filtration, and washed by deionized water three times, and dried under vacuum at room temperature. TGA analysis was used to measure the amount of ascorbic acid which was loaded into the MSNs.
Mesoporous Silica Nanoparticles Characterization
Synthesized MSNs were characterized by XRD, TEM, SEM, and N 2 -adsorption. Small angle XRD patterns were recorded on a Philips X'Pert multipurpose diffractometer which is equipped with CuKα radiation (λ = 1.5406 A°) operating at 40 kV and 20 mA. The diffractograms were recorded over the range 1 -10.0 º (2θ) with a step size of 0.02 º. Surface area and porosity were determined from nitrogen adsorption -desorption isotherms obtained at -196 ºC on a Micromeritics ASAP 2010 analyzer. Pore size distributions were calculated from the desorption branch using the Barrett-JoynerHalenda (BJH) method and pore volumes measured at P / P0 = 0.2 -0.4. Particle morphology was analyzed by scanning electron microscopy (SEM, Philips XL -30). In addition, the structural properties and morphology of the MSN were studied by transmission electron microscopy (TEM, Philips CM120).
Release Studies in Simulated Fluids
Three different media including SGF (HCl aqueous solution, pH 1.2), SIF (7.4), and SBF (7.4) were prepared. The release of AscH 2 was determined by soaking 10 mg of AscH 2-MSNs into a vial containing one of the aforementioned simulated solutions (2 mL). A blank was prepared for each of simulated solutions. Vials were put on the shaking water bath at 37 ºC and 80 rpm. Then the dissolution medium was sampled at a predetermined time interval, and replaced by fresh medium immediately. The withdrawn samples containing released AscH 2 were analyzed by Cary 100 UV -Vis spectrometer at 245 nm for SGF and 265 nm for SIF and SBF. The measurements were carried out in triplicate and the average standard deviation of them was less than 4 %.
Results
Characteristics of Synthesized Mesoporous Silica Nanoparticles
Iran J Biotech. 2013;11 (4) MSNs were characterized after they were synthesized by several techniques. Figure 2 provides TEM image of the MSNs. It can be seen that all the nanoparticles were spheres and the average diameter of them was measured of 100 ± 9 nm. The SEM image of synthesized MSNs is shown in Figure  3 . It was indicated that these particles were spherical with almost uniform size. Figure 4 where the ordered mesoporous structure of the synthesized nano particles is addressed. The XRD patterns with four peaks are associated with (100), (110), (200) and (210) diffraction planes, respectively, in the MCM-41 type MSNs, indicates that this material exhibits a well ordered arrangement ( 22 ) . The a º lattice parameter, the repeat distance between two pore centers, calculated by aº = (2/√3) d 100 relation for MSNs, AscH 2 -MSNs are 4.72 nm, 4.45 nm, respectively. The corresponding results showed that about 567.8 nmole of AscH 2/g of MSNs were loaded. The in vitro release of AscH 2 has been performed in three simulated fluids: gastric fluid (pH 1.2), small intestinal fluid (pH 7.4), and simulated body fluid (pH 7.4). During the first 30 minutes, the burst release of AscH 2 from AscH 2 -MSNs into SGF, SIF, and SBF was 28.6 %, 62.0 % and 57.1 %, respectively. It was indicated that release rate of AscH 2 in SGF was slower than SIF and SBF. 
Discussion
It was considered that delivery carriers should be designed with respect to several important features such as: biocompatibility of vehicle (mandatory parameter), high loading and protection of the guest molecule, zero premature release before reaching its target, efficient cellular uptake, and effective endosomal escape, controllable rate of release to achieve an effective local concentration, cell and tissue targeting (16) .
MSNs have attracted much research attention in the last decades. They are using for their potential applications in the fields of biotechnology and nanomedicine. MSNs are solid materials, which contain a lot of empty pores (mesoporous) arranged in a 2D network of honeycomb-like porous structure. Their unique properties of mesoporous silica nanoparticles include high surface area (> 700 m 2 .g − 1 ), pore volume (> 1 cm 3 .g − 1 ), stable mesostructure, tunable pore diameter (2 -10 nm), two functional surfaces (exterior particle and interior pore faces), and modifiable morphology (controllable particle shape and size) (18) . In this study, we used MSNs for encapsulation, protection and delivery of vitamin C in the body. Therefore, MSNs were synthesized and characterized by XRD, TEM, SEM, and N2-adsorption. Resulted XRD patterns showed well-ordered hexagonal mesoporous structure in loaded and unloaded MSNs as shown in Figure 1 . In addition, the a o lattice parameter of AscH 2 -MSNs was larger than that of unloaded MSNs due to filled pores by ascorbic acid. As expected, the (100) reflection of ascorbic acid loaded MSNs was weaker than that of unloaded MSNs (Figure 4) .
Results of N 2 -adsorption showed that the BET surface areas and BJH adsorption volume of AscH 2-MSNs were lower than unloaded MSNs, representative that the surface modification reaction occurred on the pore surfaces of MSNs.
It was found that the loading efficiency of ascorbic acid may be affected by the position, structure and the number of hydroxyl groups (OH) and carboxyl group on the benzene ring. In addition, the high hydrophilicity property of ascorbic acid makes it less attractive to the hydrophilic nano channels of MSNs.
As shown in Figure 6 , it was observed that the burst release of AscH 2 from nanoparticles into SGF was slower than that of in slightly alkaline pH (7.4) and SBF. It was found that at pH 7.0 the dominant form for vitamin C is AscH‾ (99.9 %) with low concentrations of AscH 2 and Asc 2-. It means that L-ascorbic acid is in anion form at pH≥7 and the amount of Asc 2 ‾ will increase by a factor of ten with a one unit increase in pH (3). In addition, as the pKa values (AscH 2 has two pKa values due to existence of hydroxyl and carboxyl groups on the ring, pk1 is 4.2 and pK2 is 11.6) of AscH 2 are around 4.2, the anions derived from proton dissociation will dominate in neutral system (occurrence >99.5 %) (3). As a result, the sampling of released AscH 2 from nanoparticles into SBF and SIF was performed at every 30 minutes.
It was found that at pH < 5, only the carboxyl group of the AscH 2 are negatively charged, it made ionic interaction between carboxyl group of AscH 2 and the hydroxyl groups of MSNs surface. At pH > 7, the hydroxyl groups of organic acids started to deprotonate and all the anionic forms of AscH 2 were produced (3). As a pervious mentioned when pH of the solution increased to 7.4, a strong electrostatic repulsion generated between the surface of MSNs and the AscH 2 molecules to trigger of large amounts of AscH 2 in the SBF.
In conclusion, the synthesized MSNs with 2.44 nm pore diameter were nominated to load AscH 2 as an antioxidant. Thereafter we investigated its release into SGF, SIF, and SBF. Vitamin C has antioxidant activity and dissolves in water which produces acidic solution; as a result to its action it cannot be stored in the body. It was found that the loading amount of Vitamin C was dependent to the amount of hydroxyl groups on the surface and inner pore of MSNs or steric inhibition of molecule structure. On the other hand, the loading of AscH 2 was heavily dependent on the surface chemical moiety of MSNs due to the presence of an ionic interaction between the carboxyl and hydroxyl groups of ascorbic acid.
In addition, the presence of an ionic interaction between the carboxyl and OH groups of Vitamin C influences on the vitamin C release and loading into MSNs. It was found that the release of AscH 2 in acidic solution was slower than slightly alkaline solution. The results of the present study indicated that MSNs can be developed and designed for the sustained release of unstable antioxidants.
